Background
==========

Gastric cancer (GC) is the most common digestive system neoplasm in humans and the second leading cause of cancer-related deaths in China \[[@b1-medscimonit-25-4025]--[@b3-medscimonit-25-4025]\]. The therapeutic value of surgical resection in the treatment of GC is limited due to high rates of recurrence and metastasis even after positive surgical procedures. In many countries, the 5-year overall survival rate for GC remains below 30% despite significant improvements in diagnostic and surgical techniques over the past few decades \[[@b4-medscimonit-25-4025],[@b5-medscimonit-25-4025]\]. Therefore, it is imperative that we identify new molecular markers that will allow us to more precisely predict survival and the risk of recurrence. It is also hoped that the elucidation of appropriate markers will permit us to provide more targeted treatment strategies for GC patients while also facilitating the development of more effective preventive measures.

RNA-binding motif 4 (RBM4) is a splicing factor mainly involved in the regulation of selective splicing (AS) and mRNA translation \[[@b6-medscimonit-25-4025],[@b7-medscimonit-25-4025]\]. In addition, RBM4 can promote the differentiation of muscle, pancreas, and neuronal cells \[[@b8-medscimonit-25-4025]--[@b10-medscimonit-25-4025]\]. RBM4 controls the AS of human genes by binding to a set of intronic splicing regulatory elements \[[@b11-medscimonit-25-4025]\]. Imbalanced AS is synonymous with some of the major hallmarks of cancer including tumor apoptosis \[[@b12-medscimonit-25-4025]\], invasion, and metastasis \[[@b13-medscimonit-25-4025]\] as well as epithelial-mesenchymal transition \[[@b14-medscimonit-25-4025]\]. Therefore, changes in the role of the RBM4 protein are believed to be important in the dysregulation of splicing in cancer \[[@b15-medscimonit-25-4025],[@b16-medscimonit-25-4025]\]. In 2014, Wang et al. were the first to report that the upregulation of RBM4 activity could suppress the progression of various malignancies, including cancers of the lung, breast, ovary, liver, and prostate \[[@b17-medscimonit-25-4025]\]. Subsequent studies demonstrated that RBM4 was downregulated in colorectal cancer and this downregulation correlated with a poor prognosis \[[@b18-medscimonit-25-4025]\]. Studies have also indicated that RBM4 influences tumor progression by controlling biological functions of cancer cells such as proliferation, apoptosis, migration, and invasion. However, scientists have yet to elucidate how RBM4 is controlled during GC tumorigenesis.

We have previously utilized immunohistochemistry (IHC) and quantitative real-time polymerase chain reaction (qRT-PCR) techniques to reveal that the expression of RBM4 is reduced in GC tissues compared with adjacent normal tissue \[[@b19-medscimonit-25-4025]\]. These results indicate that downregulation of RBM4 activity might play an important role in the development of GC. In this study, we first investigated the role of RBM4 expression in both cultured cells and in a tumor xenograft model. We also studied the effect of RBM4 on the protein expression of the mitogen activated protein kinase (MAPK) pathway in human GC cell lines by western blot analyses.

Material and Methods
====================

Cell culture and transfections
------------------------------

A normal gastric cell line (GES1) and 5 human gastric carcinoma cell lines (MKN28, HGC27, BGC823, MKN45, and MGC803) were purchased from the Cell Bank of ZISHI Biomart and the Chinese Academy of Sciences (Shanghai, China). Cell culture was performed using RPMI-1640 (Invitrogen, Carlsbad, CA, USA) plus 10% fetal bovine serum (Invitrogen, Shanghai, China). We purchased pEZ-Lv201-RBM4 (lentiviral vector targeting RBM4 overexpression), pEZ-Lv201-Control (negative control lentiviral vector), psi-U6-shRBM4 (shRNA vector targeting RBM4), and psi-U6-NC (negative control shRNA vector) from Gene Pharma (Shanghai, China). Transfection into GC cells was performed using Lipofectamine 2000 transfection reagent (Invitrogen, Shanghai, China) according to the operating steps in the manual.

Reverse transcriptase PCR analysis
----------------------------------

Total RNA was isolated from approximately 1×10^6^ cells (collected from 60-mm culture dishes) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the operating steps in the manual. Prime Script RT Reagent Kit (Takara, China) was used for reverse transcription. The cDNA was amplified with the following primers: 5′-CGCGGATCCCGATGGTGAAGCTGTTCATC-3′ (forward) and 5′-CCGCTCGAGAAAGGCTGAGTACCGCGCCC-3′ (reverse) for RBM4; 5′-GCCGGTGCTGAGTATGTC-3′ (forward) and 5′-CTTCTGGGTGGCAGTGAT-3′ (reverse) for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Products of the polymerase chain reaction (PCR) were visualized on a 1% agarose gel with a final concentration of 0.5 μg/mL of ethidium bromide solution. The gels were photographed and quantitated using GADPH as an internal comparison. DNA sequence was verified by cloning the PCR products into the pcDNA3.1 vector.

CCK-8 assay cell proliferation viability assay
----------------------------------------------

Cells were inoculated at 5×10^3^ cells per well in a 96-well plate, followed by 24 hours, 48 hours, and 72 hours of culture. Cell proliferation viability tests were performed using the Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China) according to the operating steps in the manual. Subsequently, the absorbance was measured at 450 nm using Elx800 Reader (Bio-Tek, Winooski, VT, USA).

Flow cytometric analysis
------------------------

GES1, MKN28, HGC27, BGC823, MKN45, and MGC803 cells (1×10^6^ cells each) were harvested and blocked using 1% BSA; cells were then incubated with anti-human RBM4 polyclonal rabbit IgG (Proteintech, Chicago, IL, USA, dilution 1: 100) and stained with anti-rabbit IgG (Sigma, St. Louis, MO, USA) labeled with diluted fluorescence isothiocyanate (FITC). The cells were then fixed with 1% paraformaldehyde. Finally, the cells were washed twice and suspended again with phosphate-buffered saline (PBS). Fluorescence intensity was determined by flow cytometry (FACScan, BD Biosciences, USA). As a comparison, secondary antibodies were incubated with the cells at room temperature. AnnexinV-FITC/propidium iodide (PI) apoptosis detection kits (BD Biosciences) was used for Annexin V and PI staining of apoptotic cells in accordance with the manufacturer's protocol.

Wound-healing assay
-------------------

Cells were inoculated on 6-well plates in culture media at a density of 5×10^5^ cells per well. The cells were subsequently removed to serum-free media 12 hours prior to assay initiation. The confluent monolayer was then disrupted using a cell scraper and an artificial scratch wound was generated. Serum-free media was added prior to incubation for a further 48 hours at 37°C with 5% CO~2~ in a humidified chamber. The wound-healing percentage was calculated as the ratio of healing width at 48 hours to the wound width at 0 hours. Experiments were carried out in triplicate.

Migration and invasion assays
-----------------------------

We performed cell migration and invasion assays using a Transwell chamber. For migration assay, the medium containing 600 mL of 10% fetal bovine serum was generally plated to the lower chamber (i.e., the bottom of the 24-well plate), and the suspensions containing 5×10^4^ BGC823 cells or MGC803 cells with no serum medium were added to the upper chamber with an uncoated membrane (8.0-μm pore; 24-well; BD Biosciences, San Jose, CA, USA). For the invasion assay, Matrigel membrane (1 mg/mL, BD Biosciences) was polymerized in Transwell inserts at 37°C for 2 hours. For the migration assay, cells were cultured in a humidified chamber (37°C; 5% CO~2~) for 12 hours, and the invasion assay for 24 hours. Cells were wiped from the membrane surface at the bottom of the upper chamber using a wet cotton swab. Then the cells on the submembrane surface were fixed with methanol at room temperature for 30 minutes. Finally, the cells were stained with crystal violet, washed with water, and counted.

Western blot analysis
---------------------

Western blots were performed in accordance with the steps described previously \[[@b20-medscimonit-25-4025]\]. We used the following antibodies: rabbit anti-human RBM4 (polyclonal, Proteintech, Chicago, IL, USA, dilution 1: 1000), mouse anti-β-actin and mouse anti-ERK1/2, JNK, p38, p-ERK1/2, p-JNK, p-p38 (Santa Cruz Biotech, Santa Cruz, CA, USA). ECL system (Amersham Pharmacia, Piscataway, NJ, USA) was used for signal detection. Each blot was repeated 3 times.

Immunohistochemical staining
----------------------------

Proteins expression were examined by streptavidin-peroxidase (SP) staining technique after antigen retrieval using microwave technology. Endogenous peroxidase activity was prevented through incubating with 3% H~2~O~2~ for 15 minutes, the cells were then washed with PBS and incubated overnight with RBM4 (Proteintech, Chicago, IL, USA) at 4°C. The samples were washed with PBS the next day and secondary antibodies were added for 30 minutes at room temperature. Finally, the samples were incubated with SP for 30 minutes. After washing with PBS for 3 times, the cells were stained with diaminobenzidine (DAB) solution, and hematoxylin was used as the control staining. For the negative control, the primary antibody was substituted of PBS. Slides stained with antibody to RBM4 were first scanned under low power (100×) to identify 5 areas with the highest RBM4 density (hot spots). These 5 areas were photographed at a magnification of 200× and 5 digital images were generated. The staining intensity was divided into 4 grades: 0, 1, 2, and 3, which respectively represent no staining, light staining, moderate staining, and deep staining. The percentage of positive cells (0--100%) was multiplied by the staining intensity score to obtain the total score. The results were determined manually by 2 experienced pathologists using a double-blind design.

Animal experiments
------------------

This study was carried out with the permission of the committee of animal research institutions. ORT-RBM4-infected BGC823 cells and lentiviral vector control cells (1×10^6^/100 μL) were injected subcutaneously into the flank of each 4-week-old immunodeficient nude mouse (left, control; right, RBM4). The growth of tumors was evaluated weekly for 5 weeks. The nude mice were subsequently sacrificed, and xenograft tumors were measured. Tumor volume was calculated using the formula: V=πAB^2^/6, where the maximum diameter is A and the perpendicular diameter represents B. Finally, hematoxylin and eosin (H&E) staining and immunohistochemical analysis of RBM4 protein expression in these tumor tissues was performed.

Statistical analysis
--------------------

SPSS 20.0 statistical software was used for all statistical analyses. The significance of the difference between groups was analyzed using the unpaired Student's *t*-test. All of the tests that were performed were 2-sided and a *P*-value of \<0.05 was considered statistically significant.

Results
=======

Expression of RBM4 is reduced in GC cell lines
----------------------------------------------

Western blot and flow cytometry analyses were used to investigate the RBM4 protein levels in normal gastric epithelial cells and various types of GC cells. As shown in [Figure 1A and 1B](#f1-medscimonit-25-4025){ref-type="fig"}, in the normal gastric epithelial cell line GES1, the RBM4 protein expression ratio reached 52.9%, Conversely, in the MKN28, HGC27, BGC823, MKN45, and MGC803 GC cell lines, the RBM4 protein expression ratio was only 43.5%, 25.4%, 17.3%, 20.4%, and 46.0%, respectively. Upon comparison with the normal gastric epithelial cell line GES1, RBM4 expression was significantly lower in the GC cell lines, especially in BGC823 cell line. The expression of RBM4 was relatively higher in the MGC803 GC cell line compared with the other GC cell lines ([Figure 1C](#f1-medscimonit-25-4025){ref-type="fig"}). Therefore, the BGC823 cell line and MGC803 GC cell line were chosen as the focus of our subsequent studies.

To investigate the biological function of RBM4, we designed a control lentiviral vector and a lentiviral vector that permitted RBM4 overexpression (ORT-RBM4), We also designed a negative control shRNA plasmid and a shRNA plasmid vector targeting RBM4 (shRBM4). ORT-RBM4 and the control lentiviral vector were independently transfected into an RBM4-deficient cell line, BGC823. RT-PCR results revealed that RBM4 mRNA expression recovered in BGC823 cell lines after transfection with ORT-RBM4. Conversely, RBM4 mRNA expression was significantly lower in MGC803 cells following stable transfection with shRBM4 ([Figure 1D](#f1-medscimonit-25-4025){ref-type="fig"}).

RBM4 controls proliferation, apoptosis, migration and invasion of GC cells *in vitro*
-------------------------------------------------------------------------------------

We performed a CCK-8 assay to monitor GC cell proliferation at 24 hours, 48 hours, and 72 hours after lentiviral vector and shRNA plasmid transfection. Our data reveal that ORT-RBM4 significantly inhibited cell proliferation in BGC823 cells ([Figure 2A](#f2-medscimonit-25-4025){ref-type="fig"}). Conversely, shRNA-mediated silencing of RBM4 significantly promoted cell proliferation in MGC803 cells ([Figure 2B](#f2-medscimonit-25-4025){ref-type="fig"}).

We subsequently performed a flow cytometry analysis to further analyze whether RBM4 inhibits proliferation of GC cells by altering the progression of apoptosis. The results revealed that ORT-RBM4 promoted cellular apoptosis in BGC823 cells ([Figure 2C](#f2-medscimonit-25-4025){ref-type="fig"}). Conversely, shRBM4 treatment blocked apoptosis in the MGC803 cells ([Figure 2D](#f2-medscimonit-25-4025){ref-type="fig"}).

Next, we investigated the role of RBM4 in the migration and invasion processes of GC cells via wound-healing, migration, and invasion assays. We observed delayed wound closure after RBM4 overexpression compared with the control transfection group ([Figure 3A](#f3-medscimonit-25-4025){ref-type="fig"}). Conversely, wound closure occurred significantly earlier after transfection in the shRBM4-treated group ([Figure 3B](#f3-medscimonit-25-4025){ref-type="fig"}). Compared with the control lentiviral vector-transfected BGC823 cells, staining images from a Transwell assay showed the migratory and invasive abilities of RBM4 overexpressed BGC823 cells were reduced ([Figure 3C](#f3-medscimonit-25-4025){ref-type="fig"}). However, silencing of RBM4 improved the migratory and invasive abilities of MGC803 cells compared with negative control-transfected cells ([Figure 3D](#f3-medscimonit-25-4025){ref-type="fig"}). These data suggest that RBM4 is involved in the metastasis of gastric cancer as a tumor suppressor gene.

Overexpression of RBM4 inhibits tumor growth *in vivo*
------------------------------------------------------

To assess whether RBM4 suppresses GC cell proliferation *in vivo*, we established a xenograft tumor model in nude mice using ORT-RBM4 transfected BGC823 cells or the control lentiviral vector. The transfected cells were subcutaneously injected into the flanks of nude mice. The average tumor volume associated with tumors that developed in the ORT-RBM4 group was smaller than that in the control lentiviral vector group ([Figure 4A, 4B](#f4-medscimonit-25-4025){ref-type="fig"}). In addition, tumors from the ORT-RBM4-transfected BGC823 cells grew more slowly than those from the control-transfected mice ([Figure 4C](#f4-medscimonit-25-4025){ref-type="fig"}). Following IHC staining of the xenograft tumors, we observed that the RBM4 staining signal was stronger in the ORT-RBM4 group compared with the control lentiviral vector group ([Figure 4D](#f4-medscimonit-25-4025){ref-type="fig"}). These data indicated that RBM4 may inhibit tumor growth *in vivo*.

RBM4 inhibits the expression of MAPK pathway protein in GC cell lines
---------------------------------------------------------------------

To further investigate the potential mechanism underpinning the malignant progression associated with RBM4 activity in GC, we examined the protein expression levels of MAPK family members in BGC823 cells and MGC803 cells. This study also involved analysis of several MAPK subfamilies including ERK1/2, JNKs, and p38 \[[@b21-medscimonit-25-4025],[@b22-medscimonit-25-4025]\]. Western blot analysis revealed that the protein expression levels of p-ERK1/2, p-JNK, and p-p38 in the ORT-RBM4 treated BGC823 cells were significantly lower than those in the control group. However, expression levels of these proteins were markedly elevated in the shRBM4-treated MGC803 cells. However, the protein expression levels of ERK1/2, JNK, and p38 were not notably different in either the ORT-RBM4-transfected BGC823 cells or the shRBM4-transfected MGC803 cells compared with the control cells ([Figure 5A, 5B](#f5-medscimonit-25-4025){ref-type="fig"}). Therefore, our data indicated that RBM4 might inhibit the progression of GC partly through the MAPK-dependent signaling pathway.

Discussion
==========

The abnormal distribution or unbalanced expression of splicing factors is regarded as a common contributing factor in carcinogenesis and hereditary diseases \[[@b23-medscimonit-25-4025],[@b24-medscimonit-25-4025]\]. RBM4, a splicing factor that is normally expressed throughout development and has a relatively high abundance in the brain, heart, and skeletal muscle, has lately attracted increasing attention. Recent studies suggest that RBM4 is a tumor suppressor with potential involvement in malignancy progression in lung, colorectal, breast, ovarian, and liver cancers, among others \[[@b23-medscimonit-25-4025],[@b24-medscimonit-25-4025]\]. However, the role of RBM4 in GC has not yet been closely studied. We have previously demonstrated that RBM4 is downregulated in GC tissues and patients exhibiting reduced RBM4 protein expression exhibit poor overall survival \[[@b19-medscimonit-25-4025]\]. In the present study, we sought to confirm that RBM4 does indeed act as a tumor suppressor in GC.

We initially utilized western blot and flow cytometry analyses to demonstrate that RBM4 protein levels were decreased in various strains of GC cells compared with the normal gastric epithelial cell line GES1. This result was consistent with our previous findings regarding the expression of RBM4 in GC tissues \[[@b19-medscimonit-25-4025]\]. However, in 2014 Lin et al. reported that the expression of RBM4 was upregulated in tumors \[[@b25-medscimonit-25-4025]\]. The latter study showed that increases in SRPK1 protein levels in breast cancer cells resulted in the accumulation of RBM4 in the cytoplasm \[[@b25-medscimonit-25-4025]\]. In 2016, Markus et al. \[[@b26-medscimonit-25-4025]\] found that RBM4 mRNA was overexpressed in 18 different types of malignancies, including cancer of the cervix, breast, lung, colon, ovary, and rectum. Since only 10 cases of each type of tumor were studied, further investigations into the expression of RBM4 in tumors will require an expanded sample size and a more in-depth study design.

In this study, we also demonstrated that RBM4 suppressed many of the biological functions of GC *in vitro* -- including proliferation, migration, and invasion -- while also promoting the apoptosis of GC cells. These results were in line with those of Wang et al. \[[@b17-medscimonit-25-4025]\] and Liang et al. \[[@b18-medscimonit-25-4025]\]. However, Lin et al. \[[@b25-medscimonit-25-4025]\] reported that RBM4 indirectly reduced the apoptosis of breast cancer cells by regulating a series of splicing events. The possible reasons are as follows: 1) different apoptosis detection methods were used: indirect immunofluorescence (Lin study) versus flow cytometry (our study); 2) different types of tumors were studied: breast cancer (Lin study) versus gastric cancer (our study); 3) different apoptosis molecules were detected: IR-B and MCL-1 (Lin study) versus p53 and Bcl-2 (our study). Finally, apoptosis might be affected by more signaling pathways and multiple mechanisms. Our results further implied that the loss of RBM4 might be a contributing factor in the development of GC. In addition, overexpression of RBM4 in BGC823 cells prevented tumor growth *in vivo*. This result supported the role of RBM4 as a tumor suppressor.

Previous studies have suggested that RBM4 antagonizes oncogenic SRSF1 to inhibit the proliferation of various cells by mTOR activation and regulates AS of Bcl-xL and Bcl-xS to induce apoptosis. \[[@b17-medscimonit-25-4025]\]. Liang et al. \[[@b18-medscimonit-25-4025]\] reported that an RBM4-regulated splicing cascade restrains the migration and invasion of colorectal cancer cells by modulating the activity of AKT/ERK signaling. Following previous reports, we used western blotting to further monitor the expression status of MAPK family members in ORT-RBM4-treated BGC823 cells and shRBM4-treated MGC803 cells. It is well known that the MAPK family of proteins can regulate numerous cellular responses, such as proliferation, apoptosis, migration, and invasion. Our data indicated that RBM4 mediates a reduction in protein expression of p-ERK1/2, p-JNK, and p-p38; however, protein expression of ERK1/2, JNK, and p38 were not affected. Therefore, our results suggested that RBM4 acts as a potent inhibitor, partly through the MAPK signaling pathway. Further studies are required to confirm this finding.

Conclusions
===========

In summary, overexpression of RBM4 can lead to various changes in GC cells, including a reduction in proliferation, migration, and invasion and an increase in apoptotic capacity. In addition, overexpression of RBM4 can repress tumor growth in GC mouse models. Although RBM4 has been reported to act as a tumor suppressor, the mechanism underlying RBM4-mediated tumorigenic processes remains poorly understood. We observed for the first time that RBM4 is involved in MAPK-dependent signaling pathways in human GC. This finding further implies that the reactivation of RBM4 could be a potentially important strategy in future therapeutic approaches to treat GC.
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![Protein and mRNA expression of RBM4 in various GC cell lines. (**A**) Expression levels of RBM4 protein were analyzed in various GC cell lines by western blotting; β-actin was utilized as an internal control. (**B, C**) Expression levels of RBM4 protein were analyzed in various GC cell lines by flow cytometry. (**D**) The expression of RBM4 mRNA was examined in ORT-RBM4 (RBM4), and control lentiviral vector (Control)-transfected BGC823 cells, and shRBM4, and a negative control shRNA plasmid (NC)-transfected MGC803 cells by RT-PCR. GAPDH was used as an internal control.](medscimonit-25-4025-g001){#f1-medscimonit-25-4025}

![RBM4 suppresses cell proliferation and promotes cell apoptosis in GC cells. (**A**) The viability of cell growth was assayed in Control- and RBM4-transfected BGC823 cells by CCK-8 at 0, 24 hours, 48 hours, and 72 hours. (**B**) The viability of cell growth was assayed in NC- and shRBM4-transfected MGC803 cells by CCK-8 at 0 hours, 24 hours, 48 hours, and 72 hours. (**C**) The rate of cell apoptosis was assayed in Control- and RBM4-transfected BGC823 cells by flow cytometry. (**D**) The rate of cell apoptosis was assayed in NC- and shRBM4-transfected MGC803 cells by flow cytometry. All experiments were carried out in triplicate. Data are shown as mean ± standard error. \* *P*\<0.05; \*\* *P*\<0.01.](medscimonit-25-4025-g002){#f2-medscimonit-25-4025}

![RBM4 inhibits GC cell motility. (**A**) A wound-healing assay was performed after RBM4 restoration in BGC823 cells. There was a significant delay in wound closure after RBM4 overexpression compared with the Control-transfected group. (**B**) A wound-healing assay was performed after RBM4 knockdown in MGC803 cells. Wound closure occurred significantly earlier after RBM4 downregulation compared with the NC-transfected group. (**C**) A cell migration and invasion assay was performed after RBM4 re-expression in BGC823 cells. The restoration of RBM4 resulted in a reduction in both the migration and invasive abilities of cells compared with the Control-transfected group. (**D**) A cell migration and invasion assay was performed after RBM4 downregulation in MGC803 cells. RBM4 knockdown promoted cell migration and invasion compared with the NC-transfected group. All experiments were carried out in triplicate. Data are shown as mean ± standard error. \*\* *P*\<0.01.](medscimonit-25-4025-g003){#f3-medscimonit-25-4025}

![RBM4 overexpression inhibits tumor growth *in vivo*. (**A**) Photographs of representative tumor formations in nude mice. (**B**) Tumor xenografts 5 weeks after inoculation. (**C**) Tumor growth curves after injection of BGC823 cells stably transfected with Control or ORT-RBM4. The tumor volume was calculated every 7 days for 5 weeks after injection. (**D**) Representative immunohistochemical photographs of RBM4 protein expression in tissues of resected tumors formed from Control- or ORT-RBM4-transfected BGC823 cells. **Upper:** hematoxylin and eosin staining. **Lower:** immunostaining (400×). Scale bar, 40 um. Data are shown as mean ± standard error. \* *P*\<0.05, \*\* *P*\<0.01.](medscimonit-25-4025-g004){#f4-medscimonit-25-4025}

![RBM4 suppresses GC progression through MAPK-dependent signaling pathways. Representative western blotting results for ERK1/2, p-ERK1/2, JNK, p-JNK, p38, and p-p38 protein expression from Control- or ORT-RBM4-treated BGC823 cells (**A**) and NC- or shRBM4-treated MGC803 cells (**B**). All experiments were carried out in triplicate. Data are shown as mean ± standard error. \* *P*\<0.05, \*\* *P*\<0.01.](medscimonit-25-4025-g005){#f5-medscimonit-25-4025}
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